Purdue University

Purdue e-Pubs
International Compressor Engineering Conference

School of Mechanical Engineering

2016

Flap-X: Development of a New Compressor Reed
Material
Alexander Lof
Research & Development, voestalpine Precision Strip AB, Sweden, alexander.lof@voestalpine.com

Chris Millward
Research & Development, voestalpine Precision Strip AB, Sweden, chris.millward@voestalpine.com

Azhar Nawaz
azharnawaz@voestalpine.com

Follow this and additional works at: https://docs.lib.purdue.edu/icec
Lof, Alexander; Millward, Chris; and Nawaz, Azhar, "Flap-X: Development of a New Compressor Reed Material" (2016). International
Compressor Engineering Conference. Paper 2439.
https://docs.lib.purdue.edu/icec/2439

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at https://engineering.purdue.edu/
Herrick/Events/orderlit.html

1266, Page 1

Flap-X: Development of a new compressor reed valve material
Alexander LOF1, Chris MILLWARD1, Azhar NAWAZ1,2*
1,2

voestalpine Precision Strip AB, Research & Development,
Munkfors, Sweden
1
(Phone: +46 732750268, E-mail: alexander.lof@voestalpine.com)
1
(Phone: +46 732717642, E-mail: chris.millward@voestalpine.com)
1,2
(Phone: +46 734618240, E-mail: azhar.nawaz@voestalpine.com)
* Corresponding Author

ABSTRACT
Flap-X is a new reed valve steel developed for compressor applications. The development work was undertaken
after consistent feedback from customers requiring higher fatigue strength and improved damping properties. The
renewed interest in improved valve strip is a direct result of the industry’s latest trends towards energy efficient
compressors. Different steel grades were investigated during process development and Flap-X material, which is an
optimized version of the well-known compressor steel UHB SS716, showed the most promising results in terms of
production feasibility and desired enhancements in alloy design, metallurgy and mechanical properties. Finished
valve strip of each candidate material was used to quantify microstructure, tensile strength and fatigue life. Fracture
investigations on the fatigue test samples were undertaken to detect any contributing non-metallic inclusions.
Vibration damping was measured at temperatures and frequencies corresponding to operating conditions of reed
valves in a compressor. Impact fatigue strength was measured in a recently developed test rig. Both fatigue life and
damping properties are improved at increased tensile strength in all of the investigations.

1. INTRODUCTION
A majority of compressor reed or flapper valves for various refrigeration applications are made of UHB 20C (20C)
or UHB SS716 (716) steel grades. Reed valves are also produced using other grades; however, most of the
production volumes delivered by voestalpine Precision Strip AB is of these two steel grades. 20C is a high carbon
steel similar to AISI 1095 whereas 716 is a modified version of AISI 420, which a martensitic stainless steel
(Johansson and Nordberg, 1984)
The renewed interest in improved valve strip is a direct result of the industry’s latest trends towards energy efficient
compressors. This is reflected in recent market and our direct customer’s feedback. Compressor OEMs are also
required to develop better solutions as the result of National and international legislation for reducing energy
consumption. For this reason, the manufacturers of refrigerators and air conditions are prioritizing the sourcing of
high strength materials from multiple suppliers to continue to be competitive whilst meeting the designer’s
expectations. The designers of the compressors want a flapper valve strip with improved impact and bending fatigue
properties in addition to material’s noise reduction at operating frequencies. Flap-X is a new flapper valve material
that fulfils designer’s requirements of higher fatigue and damping properties. The material performance has also
been verified in various compressor OEMs own tests.

2. FIRST PAHSE
The main focus of the work was to enhance the functional performance of the stainless valve alloy. Table 1 lists the
type of materials investigated in the first phase of the work. A minimum of a pilot heat (approx. 60 tons) of each
version was produced. In certain instances multiple heats of one specific version were produced to quantify the

23rd International Compressor Engineering Conference at Purdue, July 11-14, 2016

1266, Page 2
reproducibility of the process route. Standard 716 chemical compositions were modified by micro-alloying with
certain alloying elements for improved hardening response in 716-A version. Secondary metallurgy treatment was
fine tuned to change the chemistry of non-metallic inclusions from hard-brittle Al2O3 to soft-deformable SiO2 in
716-B version. 716-C was ESR processed (electro slag re-melting) after ingot casting to achieve a homogenous
microstructure with reduced non-metallic inclusions and segregation. Hardening trials were undertaken in
production. Finished valve strip samples were used for all of the fatigue tests.
Table 1: List of investigated materials
Material
716-0
716-A
716-B
716-C
716-D

Process-Route
Standard
Modified chemistry
Modified Inclusions
Modified-ESR
Modified A+B

Lab hardening trials were undertaken for producing samples for the damping tests as per a standard (ASTM-E756),
which required thick samples to guarantee the reproducibility of the thermal loss factor measurements. Tensile and
bending fatigue tests3 for each specific material and tensile strength were aimed to be reproducible with ± 50 MPa
tolerance to be able to spot the heat to heat variations.
Steel’s functional properties for a specific application are dependent on large number of processing factors. Flapper
valve steel in its finished form is essentially advanced high strength steel (AHSS), i-e: multiphase microstructure
containing martensite, retained austenite and retained secondary carbides with tensile strength and elongation in the
range of >1800 MPa & < 10 % respectively. Multiple strengthening mechanisms are used to achieve this range of
strength and ductility resulting in optimal fatigue properties. Figure 1 in the following schematic illustrates the basic
steps in valve strip processing and shows the level of complexity that is involved in achieving the desired set of
flapper valve functional properties after strip production.

Figure 1: Basic metallurgical steps and desired microstructure during valve strip processing
In order to improve the functional properties of the new valve strip, Flap-X, different approaches were tried.
o
o
o
o

Micro-alloying
Modifying the chemistry of non-metallic inclusions
Using advanced melting routes after secondary metallurgy processing
Optimal hardening of the strip
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The main consideration in trying different approaches to developing the new alloy was not to negatively affect the
basic stainless flapper valve strip attributes. These attributes are described in the following list.
o
o
o
o
o

Corrosion resistance
Hardening response of each batch for volume production
Precision rolling capability
Flatness after hardening
A fine surface finish

Following metallurgical parameters were investigated after each production trial of a specific thickness of the valve
strip.
1. Matrix Microstructure
2. Secondary Carbides
3. Retained Austenite
4. Hardness and Tensile Strength
5. Flatness
6. Residual stresses
A martensitic matrix with secondary carbides and retained austenite was the typical microstructure in all of the trials
as shown in the following figure 2.

Figure 2: FEG-SEM EBSD image showing a martensitic matrix (red), secondary carbides (yellow) and retained
austenite (blue).
Theoretically, after the final martempering or so called hardening treatment, the microstructure should be fully
martensitic, however, due to the non-ideal cooling; it is always the case that some of austenite is not transformed
into martensite. In flapper valve applications this retained austenite in the microstructure is beneficial for improving
impact fatigue strength. The effort in the production trials has been to understand how to vary and control the
retained austenite. As part of this work, strip with a range of tensile strength or hardness levels was produced. The
retained austenite was measured in all of the strip samples by using X-Ray diffraction technique (XRD). A ratio, R,
in the following equation 1 is defined to express the relationship of microstructure, hardening temperature and the
resulting mechanical properties. It’s important to note that actual martempering of the valve strip carried out in a
continuous hardening line is far more complex process with many more variables than just austenitizing
temperatures. Hardening speed, controlled cooling in the quenching zones (employing highly specialized oil bath),
tempering temperatures and the furnace’s online flatness monitoring constitute a few more of these variables.
Furthermore, different sets of parameters are used for hardening different thicknesses in this continuous process.
R = UTS / T
Where
UTS is ultimate tensile strength
T is austenitizing temperature of the production furnace (◦C)

(1)
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Generally, retained austenite increased with an increase of hardening temperature and tensile strength as shown in
the figure 3. The absolute value of retained austenite in a “fully martensitic” microstructure is difficult to establish
due the low levels present and the resulting influence on measurement uncertainty (George F. Vander Voort, 2009).
The average standard deviation of all the retained austenite measurements using XRD was ±2. To cross check the
XRD measurements, the volume fraction of retained austenite was also validated by using FEG-SEM EBSD image
analysis studies (Research & Development, 2013). Retained austenite in 716-0 material with a 1810MPa tensile
strength was consistently lower than the higher tensile optimized versions. Furthermore, a lab simulation of the
actual hardening process was undertaken using dilatometry (Research & Development, 2015) to verify the high
tensile and retained austenite observation using the 716-A material. Here again, the samples from the study were
measured for retained austenite using the SEM EBSD volume fraction method.

Figure 3: The effect of retained austenite on tensile strength
Figures 4 & 5, show a comparison of microstructure from two simulations where the retained austenite was varied
from 6 % to 14% respectively. The increment of retained austenite in the martensitic matrix in this case was the
function of higher hardening temperatures.

Figure 4 & 5: FEG-SEM EBSD image showing a martensitic matrix (red), secondary carbides (yellow) and retained
austenite (blue).
A lab simulation of the optimized material also showed that increasing retained austenite in the matrix is more or
less unaffected by the medium and lower hardening speeds, as shown in the figure 6. The maximum retained
austenite in the lab and production trials differs due to the different maximum temperatures employed in lab
simulation and production trials.
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Figure 6: The effect of furnace speed on UTS/T ratio at different tempering and lead bath temperatures.
Secondary or retained carbides after martempering can be shown to be directly related the hardening response and
mechanical properties of martensitic stainless steels for valves. It is of critical importance to control the density and
the size of carbides in various processing stages after ingot casting. The density or the percentage area fraction,
measured using LOM image analysis, was inversely proportional to the tensile strength for all materials after
hardening. A minimum level of secondary carbides is aimed in the final microstructure for achieving a combination
of higher tensile & yield strength in addition to increased retained austenite.

Figure 7: The effect of tensile on secondary carbides
The flatness of the valve strip after hardening is negatively influenced by an increase the tensile strength, mainly due
to the higher thermal shock effect as shown in the following figure 8. The un-flatness of flapper valve is extremely
undesirable as it may lead to refrigerant leakages in the end application. In theory (Pirouznia, 2014), the main factor
influencing the flatness during martempering is quenching stage where it’s critical to control and reduce uneven
temperature gradients that lead to strip distortions. For the new material, Flap-X, both cold rolling and martempering
were carefully optimized to produce strip within internal and customer specifications.

Figure 8: The correlation between flatness measured across the rolling direction and tensile strength
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The fatigue strength of a steel alloy is influenced by a great many factors. Alloy type, microstructure, tensile
strength, non-metallic inclusion content and the presence of other un-desired phases in the microstructure are a few
material related factors that can influence fatigue strength. These factors are generally influenced positively by
improvements in process and quality control of the steelmaking. For stainless flapper valve steels, the main the
factors are steel cleanness, tensile strength, optimal microstructure, damping and compressive residual stresses.
Three different types of fatigue regimes, namely: axial, bending and impact fatigue influence the material’s failure.
These different fatigue mechanisms are associated with specific modes of applied stresses and frequencies.
For the internal product development investigations, the quantification of fatigue life in thin martensitic strip is a
detailed and painstaking process (Research & Development, 2014). There are so many factors that influence the
results. The sample preparation, test conditions, analysis method and the sample thickness are as critical as material3
metallurgy and mechanical properties. Tensile or axial fatigue tests are a good starting point in determining the
fatigue life improvement. The critical volume under stress, for “hour-glass” shape sample in axial fatigue tests is
much larger than impact and bending fatigue tests. Therefore the probability of a non-metallic inclusion associated
fracture becomes higher in this test. That leads to a quicker and definitive quantification of pilot or prototype
materials fatigue strength which is helpful in early phase of the fatigue related alloy development. On average,
tensile fatigue life increased with tensile strength as shown in the following figure 9 for all of the tested versions.
Intensive fracture studies were carried out in order to correctly identify the causes for fracture initiation. These
investigations showed that most of the fractures started from some type of inclusion. For example, it was found that
the batch with low fatigue results (section 1 in the figure 9) had more than twice the inclusion size compared to the
batch with higher fatigue results (section 4 in the figure 9).

Figure 9: Tensile Vs Fatigue Limit for (each batch) measured in tensile fatigue tests at R- 0. The size of the bubble
(Bubble diagram) shows the average inclusions size in the fracture samples according to Murakami √area.
(Murakami, 2002)

3. SECOND PAHSE
The reverse bending fatigue tests were done using a Krouse type machine. It consists of a variable speed electric
motor equipped with a variable pitch crank, connecting rod, specimen clamping device, motor controls, specimen
break detector and a cycle counter (see figure 10)
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Figure 10: Reverse bending fatigue test setup (R=-1)
As the thickness of the tested samples were <1.5 mm, light weight nylon cranks were used to minimize any dynamic
influence of a heavy connecting rod. Finished strip samples from each material were tested using a staircase
approach. Evaluation of mean fatigue life was done according to the SS IS0-1207 2012(E) standard. The method
attempts to identify the mean fatigue limit, upper and lower limit of the mean, at a prescribed confidence levels. The
results are summarized in the following figure 11. Flap-X with the modified inclusions and chemistry showed the
highest improvement compared to SS716 and the reference spring steel available in the market. Only the high alloy
stainless grade AEB-L and S-Coat L+ tool steel had a higher mean fatigue than Flap-X.

Figure 11: Mean reverse bending fatigue of different versions (heats) of Flap-X and the comparison with other
materials.
It’s also seen that bending fatigue increases with an increase of tensile strength as shown in the following figure 12.

Figure 12: Mean Fatigue and Tensile Strength of flap-X and reference materials.
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Material’s thermal vibration damping and thermal stiffness properties are also a critical factor in choosing the
optimal material for a specific application and in the design of the compressors. For compressor and reed designers,
it’s important to know the damping properties of the flapper valve material.
The standard ASTM E-756 test method was used to measure the vibration-damping properties of the hardened strip
for the loss factor, η, and Young’s modulus, E, at different temperatures. Each test strip of specific thickness was
mounted in the cantilever beam test apparatus located inside an environmental chamber. It was then excited via
random noise and the response was measured via the piezoelectric crystal. Frequency response was in the range of
70 Hz to 3000 Hz whereas the bending modes 2 to 6 were measured for each sample. Materials used for damping
measurements were 716-A & 716-D.
Young’s modulus, E, measured for Flap-X decreases with an increase of the strip temperature as shown in the
following figure 13.

Figure 13: Young’s Modulus (E) at different temperatures
The damping loss factor of different materials also increases with an increase of temperature shown in the following
figures 14.

Figure 14: Damping Loss factor (η) of SS716 and Flap-X at different frequencies.
The thermal damping loss factor in the figure 15 is defined as the average loss factor (different temperatures)
measured for each specific material at different frequencies. It was also compared with reference steel. For all the
samples, average thermal damping value decreased with an increase of the applied frequency. Flap-X exhibited an
increased thermal damping factor compared to the reference steel.
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Figure 15: Thermal Damping Loss factor (η) of Flap-X
Impact fatigue tests were conducted in a newly developed test rig specifically designed for impact fatigue testing, in
a similar manner to that outlined in experiments by previous work (Dusil & Johansson 1978). Reed movement was
measured in terms of lift, impact velocity and force of each impact (Altunlu & Lazoglu 2012). The new rig also uses
better control valves and regulators for precision control of the compressed air pulses in terms of duration, frequency
and pressure. All this allows for the possibility of optimizing the impact testing for each material and reed design for
repeatable tests and accurate comparisons.

Figure 16: Flap-X valve in new test rig.
The new material Flap-X exhibited a higher impact fatigue life compared to SS716 as shown in the following figure
17. This higher impact fatigue life performance is primarily associated with optimized chemical composition of the
alloy and the non-metallic inclusion content in addition to higher tensile strength. Compressive residual stresses are
also an important factor affecting the impact fatigue strength of flapper valve materials.

Figure 17: Impact fatigue strength of Flap-X and SS716 measured on finished valves of 0.203 mm thickness
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4. DISCUSSION
The Flap-X development consisted of an exhaustive and thorough cycle of theoretical material design followed by
full scale practical validation of the theories. While this approach is time consuming and expensive, in some ways it
can be considered to be a superior approach that can reduce the time to market for new material. The reason for this
is that the use of full scale trials, rather than small pilot plant scale trials, reduced the final industrialization stage of
the development.
In the case of Flap-X, the design of the ‘functional specification’ for the new product was defined by talking to
compressor manufacturers about the future demands of the material that they would like to be used for their future
compressor designs. The main feedback from these compressor manufacturers was that fatigue life was the key
improvement area. This requirement was related to both the possibility of reducing the probability of premature
valve failure but also to give them the option to produce valves from thinner strip. Thinner reed valves are more
energy efficient and also quieter. These are both properties of compressors that are both desirable and are required
from a legislative perspective.
Another requirement was an improvement in the damping capacity of the material. This is also related to the
suppression of noise (as well as being beneficial from a fatigue life perspective). These functional requirements
were set against the conflicting desire to minimize the fundamental level of changes from the established and trusted
materials they were currently using. In addition, there was a requirement to minimize material changes that might
negatively influence the possibility to produce it in precision strip form.
The final constraint on the degree of changes that could be applied relates to the requirement to minimize changes
that would have a detrimental effect on the reed valve manufacturer’s process i.e. the final material should still be
manufactured using the same basic tooling and tumbling process.
Against this backdrop, the development of Flap-X has managed to achieve significant improvements in the desired
functional behavior of a material for reed valves without compromising either the processing constraints of the
material during cold rolling to precision strip or during the production of the reed valves. This material should allow
compressor designers and manufacturers to achieve their goals for more energy efficient and quieter compressors.
This positive outcome should complement other approaches to achieving the recently agreed significant
environmental improvements.

5. CONCLUSION
The fatigue life of reed valves is influenced by a number of metallurgical factors during strip processing and it is
essential to have a good understanding and process control of the strip production. The new alloy, Flap-X, has an
optimal chemical composition, microstructure and mechanical properties, making it significantly superior to SS716
for compressor application. The improved performance of Flap-X has been verified in both internal and external
R&D tests, and also in compressor manufacturer’s tests. Flap-X is being recommended by compressor
manufacturers for demanding compressors reeds with long lifecycle requirements and low noise requirements.
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